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Organic ferroelectric materials, including the well-known poly(vinylidene fluoride) and its copoly-
mers, have been extensively studied and used for a variety of applications. In contrast, the VDF
oligomer has not been thoroughly investigated and is not widely used, if used at all. One key advan-
tage the oligomer has over the polymer is that it can be thermally evaporated in vacuum, allowing
for the growth of complex heterostructures while maintaining interfacial cleanliness. Here, we
report on the ferroelectric properties of high-quality VDF oligomer thin films over relatively large
areas on the order of mm2. The operating temperature is identified via differential scanning calo-
rimetry and pyroelectric measurements. Pyroelectric measurements also reveal a stable remanent
polarization for these films which persists over very long time scales, an important result for non-
volatile data storage. Temperature dependent pyroelectric and capacitance measurements provide
compelling evidence for the phase transition in these films. Capacitance-voltage and current-
voltage measurements are used to confirm ferroelectricity, quantify the dielectric loss, and calculate
the spontaneous polarization. Finally, piezoresponse force microscopy is used to demonstrate large
area, low-voltage ferroelectric domain reading/writing in VDF oligomer thin films. This work ena-
bles new channels for VDF oligomer applications and research. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4983820]
I. INTRODUCTION
Organic molecules can be selected, or designed, to suit
specific needs,1 leading to a rapid increase in both their use
in fundamental physics and materials investigations, as well
as in device applications. The latter includes organic light
emitting diode (OLED) displays,2–4 flexible electronics,5–7
and even potential applications using voltage-controlled
magnetic anisotropy.8–10 Organic ferroelectric materials
effectively combine the customizability afforded by organic
synthesis with the useful electro-physical behaviors of ferro-
electric materials, applications of which range from piezo-
electric transducers11 to data storage.5,12,13 The well-known
polymer ferroelectric poly(vinylidene fluoride) (PVDF)14
and its copolymers with trifluoroethylene (TrFE) have sev-
eral properties that make them well-suited for various appli-
cations, including a low stiffness coefficient15 and a high
remanent polarization.16 As with other organic materials,
P(VDF-TrFE) can also be customized to suit specific appli-
cations. For example, the transition temperature may be
modified by tuning the ratio of VDF to TrFE.17
Here, we report an investigation of ferroelectricity in a
promising organic material, the VDF oligomer. Obtaining
definitive experimental evidence of ferroelectricity in new
materials is an intricate process since non-ferroelectric materi-
als may mimic ferroelectric signatures.18 For example, charge
injection in an electret can result in ferroelectric-like
hysteresis loops, with very long relaxation times. We confirm
the existence of ferroelectricity using a variety of measure-
ments. More importantly, however, we present compelling
evidence of the existence of the ferroelectric-to-paraelectric
phase transition, which has not been previously identified in
VDF oligomer crystals.
The VDF oligomer shares the same molecular and crys-
tal structure as the polymer counterpart, PVDF.17,19,20 This
similarity, in turn, may explain the similar ferroelectric prop-
erties of the VDF oligomer and the polymer. However, the
VDF oligomer holds a crucial advantage over the polymer:
VDF oligomer thin films can be deposited in vacuum. Unlike
PVDF, which is commonly deposited in ambient conditions
using Langmuir-Blodgett deposition21 or spin coating,22 vac-
uum deposition of the VDF oligomer preserves the cleanli-
ness of the interface between the organic and adjacent
layers,23 an essential need for spintronics and other devices.
Our earlier work23–25 has established the conditions for opti-
mal growth via thermal evaporation, investigated the physi-
cal properties of these thermally evaporated VDF oligomer
thin films, and established that these thin films both protect
and are chemically inert with an underlying metal thin film,
thereby preserving the interface.
Because of the potential device applications of VDF
oligomer thin films, we also investigate those properties rele-
vant to devices, including the working temperature range
and remanent polarization, the reliability and reproducibility
of switching, and the time dependence of the remanent polar-
ization. The latter is especially important for non-volatilea)keith.foreman@huskers.unl.edu
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memory applications. We establish the working temperature
of VDF oligomer thin films and provide evidence for the
existence of the ferroelectric-to-paraelectric phase transition
using a combination of differential scanning calorimetry
along with pyroelectric and capacitance measurements as a
function of substrate temperature. The measurements of the
dependence of capacitance on bias voltage elucidate the fer-
roelectric nature of the VDF oligomer and demonstrate the
repeatability of polarization switching in these films. The
loss tangent of VDF oligomer films is recorded as a function
of voltage, revealing that these films maintain low ac dielec-
tric loss even during polarization reversal. Current-voltage
measurements (I-V) are used to calculate the spontaneous
polarization of these VDF oligomer films. Moreover, the
capacitance, loss tangent, and I-V measurements were
recorded from VDF oligomer films with areas over 2mm2,
showing that high-quality films can be produced on scales
suitable for devices. X-ray diffraction (XRD) measurements
are used to assess the ferroelectric structure of as-grown
VDF oligomer thin films. Measurements of the zero-field
pyroelectric signal as a function of time indicate a stable,
long-lived remanent polarization, a crucial result for device
applications. Finally, using piezoresponse force microscopy
(PFM), large area ferroelectric domain writing is demon-
strated, opening the way to possible memory applications.
II. SAMPLE PREPARATION AND EXPERIMENTAL
METHODS
Samples were prepared in several configurations to suit
particular measurements. Specific sample structures are listed
below with each corresponding measurement, and the sample
architectures are shown in the insets of the accompanying fig-
ures. Substrates were either glass slides or Si wafers. For
samples requiring a bottom metallic electrode, Pt thin films
(30–50 nm) were deposited at a rate of 0.5 A˚/s in a magnetron
sputtering deposition chamber with a base pressure of
1 108Torr. For samples not requiring metallic electrodes,
the VDF oligomer was deposited directly onto the substrate.
The VDF oligomer thin films were deposited in a custom
thermal evaporation chamber connected to the sputtering
chamber via a gate valve.24 The substrate temperature was
maintained at 130K during the deposition to ensure that the
VDF oligomer chain conformation was in the desired ferro-
electric b-phase.26 The VDF oligomer was deposited at a rate
of 1 A˚/s, as confirmed by ellipsometry measurements.25 The
VDF oligomer powder, CF3-(CH2CF2)n-I, was provided by
Kunshan Hisense Electronic Co., Ltd. and has a chain length
of n¼ 156 2 as confirmed by nuclear magnetic resonance
measurements. For samples requiring a top electrode, 30-nm
thick Al films were deposited at a rate of 2 A˚/s from a thermal
evaporator at a pressure of 3.75 105Torr. Thermal evapo-
ration was used to deposit top metal electrodes, as sputtering
was found to be unsuitable due to the highly energetic sput-
tered atoms which puncture the soft organic film, resulting in
electrically shorted top and bottom electrodes.
The absorption and release of latent heat of a ferroelec-
tric being driven through its phase transition are manifested
as peaks in heat flow vs. temperature measurements using
differential scanning calorimetry. VDF oligomer powder
was loaded into an alumina pan of a NETZSCH Model 204
F1 Phoenix calorimeter, sealed, and placed in the calorimetry
chamber along with an empty reference alumina pan. The
calorimetry chamber was purged with argon gas to avoid
contamination, and the heating/cooling rate was maintained
at 2 C/min.
The pyroelectric current, which is proportional to the
spontaneous polarization,27,28 was measured using the
Chynoweth method29 (described in more detail in the fol-
lowing section), with a 1-mW, 658-nm wavelength diode
laser modulated with an optical chopper at a frequency of
2 kHz. A thermoelectric heater was integrated into the
experimental setup so that the pyroelectric current could be
measured as a function of sample temperature. XRD meas-
urements were performed using a Rigaku D/Max-B
Diffractometer in the h–2h mode with Co Ka radiation of
wavelength 1.789 A˚.
The dependence of the capacitance and loss tangent on
voltage (C-V) were measured using a programmable HP
4192A LF impedance analyzer with an ac test signal of 0.1V
at 1.0 kHz. A LabVIEW-controlled thermoelectric heater
was used to heat the sample in order to measure the capaci-
tance as a function of temperature. The static I-V characteris-
tic curves were measured for the VDF oligomer capacitors
using a LabVIEW-controlled Keithley Model 2400 source
meter. From the I-V curve, the value of the remanent polari-
zation can be calculated.20 High-resolution optical micros-
copy images along with ImageJ software30 were used to
measure the electrode area for these calculations.
Local domain imaging of ferroelectric VDF oligomer
thin films was performed by PFM using a Bruker Dimension
Icon atomic force microscope in the piezoresponse mode,
which is optimal for visualizing and manipulating vertical,
out-of-plane domains. For these studies, a 30-nm layer of Pt
was sputtered onto a Si substrate, followed by the deposition
of a VDF oligomer thin film. A conductive Pt-Ir coated PFM
tip (Bruker model SCM-PIC-V2) with a nominal spring con-
stant of 0.1 N/m was used for reading and writing ferroelec-
tric domains. The soft organic films are bound by weak van
der Waals forces,1,23 necessitating the relatively soft PFM tip
to ensure that there are no topographical changes in the sur-
face of the soft film during PFM measurements without com-
promising the piezoresponse signal. An ac voltage at a
frequency of 45 kHz is applied between the tip and sample
during domain reading/mapping. The writing of rectangular
domains is accomplished by scanning the film surface with a
dc bias up to610V applied between the tip and the sample.
In both cases, the platinum-coated silicon substrate acts as
the ground.
III. RESULTS AND DISCUSSION
Although the observation of bi-stable polarization hys-
teresis adequately defines ferroelectricity, the study of the
ferroelectric-to-paraelectric phase transition is central to the
confirmation of the ferroelectric nature of a material, and
great effort has been invested in establishing this transition
in VDF-based copolymers.14,31–33 In addition, the operating
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temperature range is a key parameter for any candidate
organic material for use in organic electronic devices. We
measure the relevant temperature ranges of both the VDF
oligomer source powder and the thin films using three differ-
ence methods. Because first-order phase transitions are
highly sensitive to the rate of change in temperature, care
was taken to steadily increase the temperature by 2 C/min in
all three cases.
The heat flow per unit mass upon heating and cooling
was collected via calorimetry for two consecutive cycles
from the bulk powder VDF oligomer. The measured heat
flow [Fig. 1(a)] shows a broad peak upon heating with the
onset around 60 C and a maximum at 796 5.5 C. This
peak indicates that the VDF oligomer undergoes a ferroelec-
tric-to-paraelectric phase transition at 796 5.5 C in the
bulk, followed by a melting peak at 1106 2 C. Upon cool-
ing, the crystallization peak from the melt occurs at
1006 1.5 C and the paraelectric-to-ferroelectric phase tran-
sition occurs at 456 1.5 C.
Figure 1(b) shows the dependence of the pyroelectric
current on substrate temperature measured for a glass/Pt
(40 nm)/VDF (100 nm)/Al (30 nm) heterostructure with an
electrode area of 200  200 lm2. The ferroelectric polariza-
tion was first saturated by applying incrementally increasing
voltages across the film. Once the polarization was saturated,
the pyroelectric current was recorded (using the Chynoweth
method29) as a function of substrate temperature upon heat-
ing. Consistent with previous measurements,25,27 the pyro-
electric current increases with temperature and is a
maximum at the proposed phase transition temperature.28
Upon cooling, the pyroelectric current was only 10% of the
original saturated, room temperature value, indicating the
depolarization of the VDF oligomer film upon heating, and
is consistent with the expected behavior associated with
heating above the phase transition temperature. From the
pyroelectric measurement [Fig. 1(b)], the ferroelectric-to-
paraelectric phase transition temperature of the VDF thin
film is found to be 656 1 C on heating, 14 C lower than
the value found in the calorimetry measurements [Fig. 1(a)].
Understanding this difference may require a detailed com-
parative study of the thermo-kinetics of the phase transfor-
mations in these systems in both thin film and bulk forms.
The present study does not address the thickness dependence
of the ferroelectric transition temperature in these VDF olig-
omer thin films. However, this topic has been extensively
studied in P(VDF-TrFE) thin films,34 in which the transition
temperature remains almost constant down to films only two
monolayers thick.
Further evidence for the existence of the phase transition
is given in Fig. 1(c), which shows the capacitance as a func-
tion of substrate temperature measured on a glass/Pt (30 nm)/
VDF (200 nm)/Al (30 nm) heterostructure with an electrode
area of 1.5 1.5mm2. The capacitance, which depends on
the dielectric constant of the VDF oligomer, shows a clear
peak at 1006 1 C, indicating a phase transition. The 35 C
difference in transition temperature of the films [Figs. 1(b)
and 1(c)] is similar to that previously noted in P(VDF-TrFE)
thin films,34 in which pyroelectric and dielectric constant
measurements upon heating indicated transition temperatures
of 78 and 110 C, respectively. The dielectric constant exhib-
its thermal hysteresis during a first-order phase transition,
and thus, the capacitance peaks at a higher temperature upon
heating than upon cooling.34 (It should be noted that the
VDF oligomer film suffered melting related damage above
the transition temperature, and thus we were not able to
obtain meaningful cooling data.)
The C-V and I-V curves shown in Fig. 2 were measured
on a glass/Pt (30 nm)/VDF (200 nm)/Al (30 nm) heterostruc-
ture with an electrode area of 1.5 1.5mm2. Figure 2(a)
shows C-V loops for three consecutive cycles. The C-V
loops show the characteristic butterfly shape indicative of
ferroelectricity, and the reproducibility of these C-V loops
over three cycles reflects the stability of ferroelectric proper-
ties in these VDF oligomer thin films. Figure 2(b) shows the
loss tangent as a function of bias voltage for the same sam-
ple, collected simultaneously with the capacitance loops
shown in Fig. 2(a). The value of the loss tangent for these
thermally evaporated films is comparable to solution-cast
PVDF films (0.06)35 and cluster synthesized VDF oligomer
films (0.07)36 at the same frequency used here (1 kHz).
When the ferroelectric polarization is saturated, the loss tan-
gent is about 0.07–0.08 and remains less than 0.11 even dur-
ing polarization reversal. This low value indicates that the
thermally evaporated VDF oligomer has a relatively low
dielectric loss and is suitable for capacitor devices.
Furthermore, the low dielectric loss of these VDF oligomer
FIG. 1. (a) Heating (black and blue) and cooling (red and cyan) calorimetry measurements. The phase transitions are marked as blue arrows. (b) Pyroelectric
current as a function of substrate temperature from a 100-nm thick VDF oligomer film. (c) Capacitance as a function of substrate temperature from a 200-nm
thick VDF oligomer film. The red arrows in parts (a)–(c) indicate the direction of the curves, while the insets in parts (b) and (c) show the sample architecture
for each measurement (the yellow layer is the VDF oligomer film).
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thin films is a strong indicator of the insulating nature of these
films even across the fairly large area of 1.5 1.5mm2.
A typical I-V measurement from these heterostructures
is shown in Fig. 2(c). At higher voltages, there is a nonlinear
background due to conduction across the VDF oligomer.
However, around 621V, a peak in the measured current can
be seen and is due to the polarization reversal associated
with the axial rotation of the VDF oligomer chains. The volt-
age was swept at a constant rate of 0.25V/s. The time inte-
gral of the switching current, after correcting for the leakage
current, divided by the area of the electrode yields a value of
twice the remanent polarization,20 and so from Fig. 2(c), the
remanent polarization is calculated to be 1046 2 mC/m2.
This value is less than the reported value of 130 mC/m2 by
Noda et al.20 but higher than that of the remanent polariza-
tion of PVDF (60 mC/m2)16 and comparable to that of
P(VDF-TrFE) (100 mC/m2).37 Although the value for rema-
nent polarization found here is lower than that reported in
Ref. 20, we note that the chain length of the VDF oligomer
in that study differs from that used here. Previous studies
have shown that the chain length can affect the crystal struc-
ture of VDF oligomer thin films,38 which in turn can affect
the measured polarization.
While C-V and I-V loops demonstrate the switchable
polarization of the thin films, XRD can be used to determine
the chain conformation and dipole orientation of these ther-
mally evaporated, large area VDF oligomer films. Figure 2(d)
shows the XRD peak of a 100-nm thick VDF oligomer film
deposited on a Si wafer. A Lorentz peak fit indicates a peak
location of 23.81, clearly indicating that the dominant crys-
talline orientation and chain conformation of the as-grown
VDF oligomer film are the (020) orientation of the b-phase,
ideal for device applications, with the maximum ferroelectric
polarization perpendicular to the sample plane.25 In contrast,
the dipole moments of the (110) orientation of the b-phase
(which is the usual orientation for Langmuir-Blodgett depos-
ited films of P(VDF-TrFE)5,39 are canted 30 away from the
surface normal, resulting in a 13.4% decrease in the out-of-
plane component of ferroelectric polarization. The Langmuir-
Blodgett deposition of the b-phase VDF oligomer results in
films with the carbon chains normal to the substrate, such that
the dipole moments are oriented in the plane of the film,40,41
an orientation that is both difficult to measure and less useful
in device applications.
The hysteretic behavior in Figs. 2(a)–2(c) and the loca-
tion of the diffraction peak in Fig. 2(d) demonstrate the con-
sistently switchable polarization and optimal crystalline
orientation of the as-grown VDF oligomer, respectively.
Moreover, the large electrode areas of 2.25mm2 compare
very favorably with those needed by organic-based elec-
tronic devices, such as an OLED pixel (on the order of lm2)
or a ferroelectric RAM bit (on the order of nm2), and indicate
that the films can be deposited in large, defect free areas suit-
able for device production.
An additional measure of the suitability of ferroelectrics
for use in non-volatile devices is the long term stability of the
ferroelectric polarization in the absence of an electric field.
Figure 3(a) shows a typical pyroelectric hysteresis loop col-
lected via the Chynoweth method from a glass/Pt (50 nm)/Co
(1 nm)/VDF (175 nm)/Al (30 nm) heterostructure with an elec-
trode area of 200 200 lm2. The red arrows indicate the path
of the hysteresis. At a constant temperature, the pyroelectric
current is directly proportional to the ferroelectric polarization
of the VDF oligomer thin film, and thus, a saturated pyroelec-
tric current is equivalent to complete polarization. The initial
measured pyroelectric current, prior to the application of an
external voltage, is 5 pA, less than 1% of the saturation current
of 650 pA. Additional hysteresis loops collected from other
metal/oligomer heterostructures repeatedly show this small
initial pyroelectric current, ranging from 1% to 10% of the
saturation current, indicating that the net polarization of the
as-grown, unpoled VDF oligomer thin films is low.
The process of obtaining the hysteresis loop shown in
Fig. 3(a) was as follows. The polarization state was prepared
FIG. 2. (a) Capacitance and (b) loss tangent for three consecutive voltage loops, demonstrating the characteristic butterfly loops of ferroelectric materials, for a
200-nm thick VDF oligomer film. (c) Current as a function of voltage for a 200-nm thick VDF oligomer film. The inset in part (c) shows the sample architec-
ture for the measurements in parts (a)–(c). (d) Background corrected XRD peak of an as-deposited VDF oligomer thin film (fit in red). The upper insets show
illustrations of the a-phase and b-phase chain conformations, while the lower inset shows the sample architecture for the measurement.
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by applying a constant voltage held across the VDF oligomer
thin film for five minutes, after which the voltage is discon-
nected and the current is measured for several seconds using
a lock-in amplifier with a time constant of 300ms. Once the
pyroelectric current is recorded, the next incremental voltage
is applied and the process continues until the entire hystere-
sis loop is obtained.29,42 For the loop shown, the exception to
this procedure occurs at the positive and negative remanent
polarization states. At these locations along the hysteresis
loop, the pyroelectric current was recorded shortly after the
application of voltage as usual. The sample was then left in
the remanent state, with no applied voltage, for 24 h, after
which the pyroelectric current was recorded again and col-
lection of the hysteresis loop proceeded once more. The
pyroelectric signal decayed by 13% (17%) after 24 h at the
positive (negative) remanent saturation state. The decay is
interpreted as a gradual relaxation of the VDF oligomer
chains back towards the as-grown low net polarization state,
decreasing the net ferroelectric polarization perpendicular to
the metal electrodes. Since the as-grown VDF oligomer film
is predominantly in the (020) orientation [Fig. 2(d)], this
zero-field decay is most likely due to the film breaking up
into up and down domains.
The use of a non-volatile device makes it imperative
that the VDF oligomer film retains a non-zero remanent
polarization. Polarization relaxation in Langmuir-Blodgett
films of P(VDF-TrFE) has been studied by monitoring the
pyroelectric current as a function of time,43 and the same
approach is used here. The time dependence of the pyroelec-
tric current over a period of over four hours was measured
and is shown in Fig. 3(b), where t¼ 0 s corresponds to the
current immediately after reaching the negative remanent
polarization state. The red line is an exponential fit to the
decaying pyroelectric signal. From the fit, the decaying sig-
nal is found to have a time constant of 6700 s. The inset of
Fig. 3(b) shows the fitted function on a much longer time
scale of about 24 h. The fit shows very little additional decay
after 12 h, indicating that the small jump in the hysteresis
loop shown in Fig. 3(a) represents most of the polarization
decay at the remanent states. Extrapolation to 48 h shows an
additional decay of less than 1%. Indeed, a non-zero pyro-
electric current can be measured on samples after having
been left in the remanent polarization state for several
months. From these data, we conclude that even after an
extended period of time, a significant portion of the remanent
polarization signal remains, in this case about 85%, and
nearly all of the decay occurs within the first 12 h. This non-
zero, stable remanent polarization is a necessary condition
for any potential non-volatile device applications.
Figure 4 shows PFM measurements with a spatial reso-
lution of 30 nm collected on various Si/Pt (30 nm)/VDF
(50 nm) samples. The Si/Pt substrate serves as a bottom elec-
trode, while the PFM tip itself serves as the top electrode,
through which voltages are applied across the VDF oligomer
thin film. Initially, a 12 lm  12 lm area was imaged with
ac voltage (Vdc ¼ 0 V) to detect any as-grown domains [Fig.
4(a)]. No domain structures were visible, indicating that the
as-grown VDF oligomer films are nominally unpoled at the
scale of the instrument resolution, in agreement with the low
pyroelectric current of the as-grown film shown in Fig. 3(a).
To demonstrate domain reading/writing, a square domain of
8 lm  8 lm within the same region imaged in Fig. 4(a)
was written by applying a 10 V bias across the VDF oligo-
mer thin film [Fig. 4(b)]. After writing, the created domains
were read via ac voltage with the dc bias off, revealing an
increase in the piezoresponse amplitude in the poled area
and a sharp phase contrast. A similar poling process albeit
with þ10 V across the VDF oligomer thin film in the same
region yields similar results as shown in Fig. 4(c). The
choice of the dc writing voltage of 610 V was based on our
past work,25 indicating that the average coercive field of
these VDF oligomer thin films is 95 MV/m. Hence, a bias of
610 V is sufficient to saturate the polarization in the 50 nm
thick VDF oligomer film, which should have a switching
voltage of about 65 V.
In order to compare the piezoresponse amplitude of the
positively and negatively poled regions, an 8 lm 8 lm area
was first poled with 10V dc bias, followed by a smaller
4 lm 4 lm area, within the negatively poled region, written
withþ10V dc bias [Fig. 4(d)]. The resulting domain pattern
revealed a high piezoresponse amplitude signal in the entire
region with a 180 phase contrast between the out-of-plane
poled, antiparallel domains created by the610V dc bias.
These PFM measurements clearly show the robust quality of
the VDF oligomer films and the creation, erasure, and
switching of locally created ferroelectric domains. To ensure
that the piezoresponse amplitude and phase contrast shown
in Figs. 4(b)–4(d) are in fact due to a ferroelectric response,
local piezoresponse hysteresis measurements were also per-
formed on similar Si/Pt/VDF oligomer heterostructures.
FIG. 3. (a) Hysteresis in the pyroelec-
tric response from a 175-nm thick
VDF oligomer film. The film was left
for 24 h at each remanent state. The
red arrows indicate the direction of the
hysteresis loop. (b) Pyroelectric cur-
rent as a function of time at the nega-
tive remanent state (i.e., at zero
voltage). An exponential fit is shown
in red. The lower inset shows the fitted
function on the scale of 24 h. The
upper inset shows the sample architec-
ture for these measurements.
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Figs. 4(e) and 4(f) show the phase and piezoresponse ampli-
tude from such a measurement, clearly demonstrating classic
ferroelectric hysteresis. Figures 3(a), 4(e), and 4(f) demon-
strate the switchable, ferroelectric behavior of the VDF olig-
omer on both macro- and microscopic scales.
Recall from Fig. 3 that the ferroelectric polarization was
completely saturated before recording the time dependence
of the polarization decay. Therefore, the data in Fig. 3 essen-
tially correspond to a ferroelectric domain with an area of
200 200 lm2. Although the domains shown in Fig. 4 are
smaller than 200 200 lm2, they are still on the order of
lm2 and far larger than the critical domain size due to the
depolarization field (on the order of nm2).34,44 Therefore, it
is expected that the domains shown in Fig. 4 should have
similar temporal stability as those corresponding to the data
shown in Fig. 3.
IV. CONCLUSIONS
This work confirms ferroelectricity in VDF oligomer thin
films and more importantly establishes the existence of the
ferroelectric-to-paraelectric phase transition. Calorimetry,
pyroelectric, and capacitance measurements all clearly show a
phase transition in both bulk powder and thin films on heating.
C-V and I-V measurements clearly show the ferroelectric sta-
bility of these thermally evaporated VDF oligomer thin films.
The ferroelectric polarization of these films can be repeatedly
switched with low leakage. The spontaneous polarization of
these VDF oligomer thin films is found to be 1046 2 mC/m2,
larger than that for PVDF and close to the value for P(VDF-
TrFE). The remanent polarization is relatively stable, relaxing
13%–17% in 12 h and relaxing more slowly after that. XRD
measurements indicate that the as-grown state of these all-
vacuum deposited VDF oligomer thin films are deposited in
the ferroelectric b-phase with the optimal (020) crystalline ori-
entation. Thus, not only the interfacial cleanliness is main-
tained by the vacuum deposition but also the out-of-plane
component of the ferroelectric polarization is maximized, and
hence, these films do not require post deposition processing.
Finally, PFM measurements show that ferroelectric domains
can be written in VDF oligomer thin films and that the phase
contrast between antiparallel, out-of-plane domains is high.
In summary, we establish the viability of thermally
evaporated VDF oligomer thin films for use in a variety of
applications and devices. The spontaneous polarization of
the VDF oligomer rivals that of P(VDF-TrFE), but the oligo-
mer can be deposited in vacuum, preserving interfacial
cleanliness. Furthermore, these measurements were made on
FIG. 4. (a)–(d) PFM measurements of topography (left), piezoelectric response (PR) amplitude (center), and PR phase (right) from VDF oligomer thin films
under various ac (red) and dc (green) bias conditions. All scale bars are 3.0 lm. (e) and (f) Local (e) PR phase and (f) PR amplitude demonstrating clear hyster-
etic behavior. (g) An illustration of ferroelectric domain writing with a PFM tip, as demonstrated in part (d). The ferroelectric polarization of the poled VDF
oligomer is represented by the red and green arrows, while the blue arrows represent the unpolarized, as-grown VDF oligomer.
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large area samples, indicating that the superior quality of the
thermally evaporated VDF oligomer films can be maintained
across areas suitable for devices. The stable remanent polari-
zation and excellent domain contrast open channels for non-
volatile memory applications in particular, thus establishing
the VDF oligomer as a strong candidate material in the rap-
idly developing field of organic electronics.
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